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Introduction: 

The  docetaxel-based  chemotherapy  is  a  standard  treatment  for  castration  resistant  prostate  cancer.  However,  the 
treatment  efficacy  is  limited  because  only  50%  of  the  patients  initially  respond  to  the  treatment  and  most  of  them 
eventually  develop  resistance  {1-4). 

Results: 

High  level  of  MDH2  was  associated  with  poor  relapse-free  survival  in  prostate  cancer  patients.  To  identify 
mRNA  alterations  associated  with  chemotherapy  outcomes  in  the  clinical  prostate  cancer,  we  compared  the  gene 
expression  of  patients  with  high  risk  local  disease,  who  enrolled  in  a  neoadjuvant  chemotherapy  clinical  trial  (5). 
Procedures  of  laser  capture  microdissection  of  patient-matched  cancer  and  adjacent  benign  epithelium  from  both  pre-  and 
post-  chemotherapy,  and  the  subsequent  cDNA  microarray  analysis  have  been  described  by  us  previously  (6,  7).  In  the 
pretreatment  samples,  we  found  that  MDH2  gene  was  overexpressed  in  nearly  50%  of  the  patients,  and  most  of  the 
upregulations  occurred  to  patients  with  biochemical  relapse  (Figure  1).  Subsequently,  we  used  real-time  PCR  to  confirm 
the  upregulation.  We  found  that  15/31  patients  had  more  than  0.75  fold  MDH2  upregulation  in  cancer  epithelium 
compared  to  the  adjacent  benign  epithelium  (Figure  2A).  When  we  correlated  the  MDH2  gene  expression  data  with  the 
patient  disease  status,  we  found  that  patients  with  pre-chemotherapy  MDH2  overexpression  had  a  significantly  poorer 
relapse-free  survival  (Figure  2B).  This  correlation  suggested  to  us  that  MDH2  plays  a  role  in  regulating  prostate  cancer 
cell  response  to  docetaxel-based  chemotherapy.  In  consistence  with  the  clinical  data,  we  also  found  that  MDH2  mRNA 
and  protein  levels  were  upregulated  in  prostate  cancer  cell  lines  LNCaP,  C42B  and  PCS  compared  to  the  benign  prostate 
cell  line  BPHl  (Figure  2C). 
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Figure  1.  cDNA  microarray  analysis  of  pre-treatment  patient  specimens  showed  that  MDH2  gene  expression  was 
correlated  with  prostate  cancer  relapse  in  patients  after  chemotherapy. 
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Figure  2.  High  level  of  MDH2  is  associated  with  low  post-chemotherapy  survival  rate.  A)  Paired  tumor  and  benign 
epithelium  from  31  patients  were  used  for  qRT-PCR  determination  of  MDH2  transcripts.  Using  a  log2  value  of  0.75 
(caner  /  benign)  as  the  cutoff,  MDH2  mRNA  levels  in  pretreatment  prostate  cancer  patients  can  be  divided  into  the  normal 
(<  0.75,  n  =  15)  and  high  (>  0.75,  n  =  16)  groups.  B)  Kaplan-Meier  analysis  of  biochemical  (PSA)  relapse  free  survival 
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(RFS)  stratified  by  the  MDH2  level  (time  in  month).  P  <  0.05,  Log-rank  test.  C)  MDH2  mRNA  and  protein  levels  in 
normal  prostate  cell  line  BPHl  and  prostate  cancer  cell  lines  LNCaP,  C42B  and  PCS  were  examined  by  qRT-PCR  and 
western  blot,  respectively.  Results  of  qRT-PCR  were  expressed  as  fold  change  (Fc)  compared  to  BPFll  as  mean  and 
standard  deviation  of  three  experiments.  *  P  <  0.01,  t-test.  Tubulin  was  used  as  loading  control  for  western  blots. 
Representatives  of  three  experiments  were  shown. 

MDH2  shRNA  knockdown  increased  docetaxel  sensitivity  in  prostate  cancer  cell  lines.  To  test  the  role  of  MDF12 
in  docetaxel  chemotherapy,  we  established  prostates  cancer  cell  lines  with  MDF12  stable  shRNA  knockdown.  We  found 
that  cell  proliferation  was  significantly  reduced  in  the  MDF12  shRNA  (shMDF12)  cells  compared  to  the  non-targeting 
control  shRNA  (shNT)  cells  (Figure  3 A).  Next,  we  evaluated  the  role  of  MDF12  in  docetaxel  sensitivity.  We  treated  the 
shNT  and  shMDF12  prostate  cancer  cell  lines  with  different  concentrations  of  docetaxel  and  measured  the  cell  viability. 
We  observed  that  prostate  cancer  cells  became  more  sensitive  to  docetaxel  with  MDF12  shRNA  as  evidenced  by  a  further 
decrease  of  cell  viability  in  shMDF12  cells  compared  with  shNT  cells  after  docetaxel  treatment  (Figure  3B).  We  further 
examined  whether  MDFt2  shRNA  could  increase  docetaxel  induced  apoptosis  by  measuring  the  caspase  3/7  activity.  The 
results  showed  that  MDF12  shRNA  did  not  change  the  basal  caspase  activities  without  chemotherapy;  however,  starting  at 
1 0  nM  of  docetaxel,  MDF12  shRNA  significantly  increased  the  docetaxel  induced  caspase  3/7  activities  compared  to  shNT 
cells  (Figure  3C). 


DTX  (nM) 


Figure  3.  The  effect  of  MDF12  shRNA  knockdown  on  prostate  cancer  cell  proliferation  and  chemosensitivity.  A)  The 
proliferation  of  shNT  and  shMDF12  cells  was  measured  over  a  3 -day  period.  The  result  was  expressed  as  fold  of 
proliferation  over  day  1 .  B)  shNT  and  shMDF12  cells  were  treated  with  indicated  concentrations  of  docetaxel  (DTX).  Cell 
viability  was  calculated  using  solvent  (0  nM)  as  controls.  C)  The  docetaxel-induced  caspases  3/7  activation  was  measured 
in  C42B  shNT  and  shMDF12  cells.  All  measurements  represent  the  mean  and  standard  deviation  of  at  least  three 
measurements.  *  P  <  0.01,  t-test. 
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MDH2  shRNA  enhanced  docetaxel  induced  JNK  signaling  pathway  activation.  Docetaxel  treatment  can  lead  to 
the  activation  of  JNK  signaling  pathway,  which  in  turn  mediates  the  cytotoxic  effect  (8,  9).  We  examined  whether  MDH2 
shRNA  affects  the  docetaxel-induced  JNK  signaling  cascade  activation.  We  treated  C42B  and  PCS  cells  with  or  without 
MDH2  shRNA  with  docetaxel  for  24  hours.  As  expected,  docetaxel  treatment  activated  the  JNK  signaling  cascade  as  seen 
in  MKK4,  JNKl/2,  ATF2  and  c-Jun  phosphorylation  in  the  non-targeting  (NT)  control  shRNA  cells  (Figure  4A). 
Importantly,  in  MDH2  shRNA  knockdown  cells,  the  docetaxel-induced  phosphorylations  of  JNK,  ATF2  and  c-Jun  were 
further  increased  (Figure  4A).  The  activated  JNK  is  able  to  phosphorylate  and  inactivate  the  anti-apoptotic  protein  Bcl2, 
which  leads  to  the  induction  of  mitochondria-based  apoptosis  (8,  10,  11).  Consistent  with  the  enhancement  effect  on  JNK 
signaling,  we  observed  that  MDH2  shRNA  further  increased  the  docetaxel-induced  phosphorylation  of  Bcl2,  and  the 
activation  of  PARP  (Figure  4B).  These  results  suggested  that  MDH2  shRNA  knockdown  enhanced  docetaxel  induced 
activation  of  JNK  and  the  downstream  apoptotic  pathways. 

To  further  investigate  the  enhancement  of  JNK  signaling  by  MDF12  shRNA,  we  first  treated  PCS  cells  with  docetaxel 
for  24  hours,  and  then  removed  the  drug-containing  medium  and  measured  the  sustainability  of  JNK  pathway  activation 
by  examining  the  phosphorylation  of  JNK  pathway  proteins.  We  observed  that  JNK,  c-Jun  and  Bcl2  phosphorylations 
were  gradually  decreased  after  docetaxel  withdraw  in  shNT  cells.  However,  in  shMDH2  cells,  we  observed  a  more 
sustained  activation  of  these  proteins  after  the  docetaxel  removal  (Figure  4C).  To  test  whether  the  JNK  pathway 
enhancement  plays  a  role  in  MDH2  shRNA  enhanced  docetaxel  sensitivity,  we  treated  PCS  shNT  and  shMDH2  cells  with 
docetaxel  in  the  presence  of  a  JNK  inhibitor  SP600125.  We  observed  that  SP600125  rescued  docetaxel  induced 
cytotoxicity  in  both  PCS  and  C42B  cells  (Figure  4D).  In  PCS  cell  lines,  the  JNK  inhibitor  provided  a  greater  percentage  of 
rescues  in  MDH2  shRNA  cells  than  in  the  non-targeting  control  shRNA  cells  (Figure  4D  top).  In  C42B  cells,  the  JNK 
inhibitor  abolished  the  enhanced  docetaxel  sensitivity  due  to  MDH2  knockdown  (Figure  4D  bottom).  Taken  together, 
these  data  suggested  that  MDH2  negatively  regulates  docetaxel  sensitivity.  MDH2  knockdown  enhances  the  docetaxel- 
induced  JNK  pathway  activation,  which  leads  to  the  increase  of  mitochondrial  apoptosis  signaling  and  chemosensitivity. 
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Figure  4  MDH2  shRNA  enhances  docetaxel-induced  JNK  and  apoptosis  signaling.  A)  shNT  and  shMDH2  cells  were 
treated  with  solvent  control  (CT)  or  1 0  nM  docetaxel  (DTX)  for  24h.  Cells  were  harvested  and  protein  levels  of  MDH2, 
JNK  and  cell  death  pathways  were  analyzed  by  western  blots.  Protein  signals  were  quantified  by  NIH  Image  J  software, 
adjusted  by  tubulin,  and  normalized  to  solvent  treated  shNT  cells.  B)  shNT  and  shMDH2  cells  were  treated  with  solvent 
(CT)  or  1 0  nM  DTX  for  24h.  The  drug  containing  medium  was  removed,  and  cells  were  cultured  in  growth  medium  for 
the  indicated  time  before  protein  harvest  and  western  analysis.  The  signals  of  phosphorylated  proteins  were  quantified  by 
NIH  Image  J  software,  adjusted  by  the  total  protein  and  normalized  to  the  CT.  C)  PCS  (top)  and  C42B  (bottom)  shNT  and 
shMDH2  cells  were  treated  with  JNK  inhibitor  SP600125  (5  pM),  DTX  (20  nM),  or  combination  of  both  agents  for  72h. 
The  cell  viability  was  measured.  In  PCS  (top)  the  percentage,  by  which  JNK  inhibitor  rescued  the  cells  from  DTX- 
induced  cytotoxicity,  was  calculated  for  shNT  and  shMDH2.  In  C42B  (bottom),  P  values  comparing  shNT  versus 
shMDH2  in  DTX  and  combination  treatments  were  calculated  by  t-test.  In  A)  &  B),  the  results  were  representative  of  at 
least  three  western  blots.  Results  in  C)  represent  the  mean  and  standard  deviation  of  three  experiments. 

MDH2  shRNA  induced  inefficiency  in  oxidative  phosphorylation.  MDH2  is  an  important  enzyme  in  the  TCA  cycle 
regulating  the  conversion  of  malate  /  NAD^  to  oxaloacetate  /  NADH  (12,  13).  The  NADH  generated  by  MDH2  becomes 
the  metabolic  substrate  for  mitochondrial  oxidative  phosphorylation  and  ATP  biosynthesis  in  the  mitochondrial  electron 
transport  chain  (ETC),  which  also  requires  cellular  respiration  by  consuming  molecular  oxygen  (14,  15).  Disruption  of  the 
oxidative  phosphorylation  leads  to  less  ATP  production,  with  the  consumed  oxygen  being  converted  to  reactive  oxygen 
species  (ROS)  instead  of  water  (H2O)  (16-19) .  Next,  we  measured  the  effect  of  MDH2  shRNA  on  prostate  cancer  cell 
mitochondrial  energy  metabolism.  We  found  that  mitochondrial  NAD^  and  NAD^/NADH  ratio  was  significantly 
increased  by  MDH2  shRNA  in  PCS  cells  (Figure  5A),  suggesting  that  MDH2  knockdown  disrupts  the  final  step  of  TCA 
cycle.  We  also  found  that  the  ATP  level  was  significantly  decreased  by  MDH2  shRNA,  and  the  ADP/ATP  ratio  was 
significantly  increased  (Figure  5B).  This  suggested  that  MDH2  shRNA  reduces  the  mitochondrial  oxidative 
phosphorylation.  However,  this  reduced  ATP  production  was  not  associated  with  the  reduced  cellular  respiration  because 
we  found  that  the  oxygen  consumption  was  not  affected  by  MDH2  shRNA  (Figure  5C,  top).  On  the  other  hand,  the  ROS 
production  was  significantly  increased  by  MDH2  shRNA  (Figure  5C,  bottom).  Taken  together,  these  results  indicated  that 
the  MDH2  knockdown  caused  metabolic  inefficiency  in  oxidative  phosphorylation  by  decreasing  ATP  production  and 
increasing  ROS  formation. 

Oxidative  phosphorylation  and  ATP  biosynthesis  can  be  inhibited  by  the  ETC  inhibitor  oligomycin.  Therefore,  we 
tested  whether  oligomycin  can  enhance  docetaxel  sensitivity  in  prostate  cancer  cells  by  mimicking  the  effect  of  MDH2 
shRNA  on  mitochondria.  We  treated  PCS  cell  line  with  increasing  concentrations  of  docetaxel  and  oligomycin 
individually  and  in  combination.  However,  we  did  not  observe  any  synergistic  effect  between  docetaxel  and  oligomycin 
(Figure  4D).  Interestingly,  oligomycin  treatment  did  not  enhance  docetaxel-induced  JNK  activation  either  (Figure  4D 
insert).  This  suggests  that  merely  targeting  mitochondrial  oxidative  phosphorylation  and  ATP  biosynthesis  cannot 
recapitulate  the  effect  of  MDH2  shRNA  in  enhancing  chemotherapy  sensitivity.  Therefore,  the  enhanced  docetaxel 
sensitivity  due  to  MDH2  shRNA  knockdown  is  mediated  by  the  combination  of  JNK  pathway  enhancement  and 
metabolic  inefficiency. 
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Figure  5  MDH2  shRNA  increased  the  inefficiency  of  oxidative  phosphorylation.  A)  Mitochondria  were  isolated  from 
PCS  shNT  and  shMDH2  cells  and  used  to  measure  NAD^  and  NADH  levels.  B)  PCS  shNT  and  shMDH2  cells  were  used 
for  ADP  and  ATP  measurement.  C)  Top:  The  oxygen  consumption  in  PCS  shNT  and  shMDH2  cells  was  measured  by  a 
Clark-type  electrode.  Bottom:  The  ROS  levels  in  PCS  shNT  and  shMDH2  were  measured  by  H2DCFDA  staining  and 
flow  cytometry.  The  peak  intensity  shifting  to  the  right  suggests  an  increase  of  ROS.  A  representative  histogram  from 
more  than  three  experiments  was  shown.  D)  Cell  viabilities  of  PCS  cells  were  measured  after  DTX  and  oligomycin  A 
treatments.  Insert:  PCS  cells  were  treated  with  vehicle  (CT),  lOnM  DTX  (D),  5  pM  oligomycin  A  (O),  and  combination  of 
DTX  and  oligomycin  (DO).  Phospho-JNKl/2  and  JNKl/2  levels  were  measured  by  western  blot.  Results  shown  are 
representatives  of  three  independent  experiments.  Results  in  all  bar  graphs  are  expressed  as  fold  change  over  shNT  cells. 
Mean  and  standard  deviation  was  calculated  from  at  least  three  experiments.  *  P  <  0.05,  ***  P  <  0.01,  t-test. 

Key  Research  Accomplishments: 

We  have  shown  that  MDH2  expression  is  eritically  important  to  docetaxel  sensitivity  and  resistanee  in 
prostate  cancer. 

Reportable  Outcomes: 

MDH2  overexpression  in  prostate  cancer  cells  causes  chemo resistance. 

Conclusion: 

This  study  will  have  direct  impact  on  the  clinical  treatment  of  prostate  cancer.  At  the  time  of  prostatectomy  surgery, 
patients  with  high-risk  and  local  prostate  cancer  may  have  already  developed  micrometastases  outside  the  prostate  (20- 
22).  Therefore,  surgery  and  local  radiation  represent  undertreatment,  and  patients  have  a  significantly  higher  risk  of 
developing  metastatic  disease  and  dying  of  castration  resistant  prostate  cancer  (20).  For  these  patients,  early  systemic 
chemotherapy  can  in  principal  kill  the  micrometastases  and  significantly  inhibit  and  delay  the  onset  of  the  metastatic 
disease  (23-25).  Flowever,  the  patient  response  from  neoadjuvant  and  adjuvant  clinical  trials  is  not  unanimous,  suggesting 
the  existence  of  sensitivity  and  resistance  mechanism.  The  clinical  trial  associated  with  the  current  study  suggests  that  the 
neoadjuvant  chemotherapy  can  be  effective  in  a  subset  of  these  patients  whose  cancer  MDF12  levels  are  not  elevated  at  the 
time  of  chemotherapy.  Personalized  cancer  therapy  aims  to  deliver  an  appropriate  therapy  to  the  appropriate  patient  for 
more  effective  treatment  and  better  outcome.  The  key  is  that  we  need  to  understand  mechanisms  of  therapy  sensitivity  and 
resistance,  and  be  able  to  measure  these  mechanisms  in  individual  patients  so  that  the  patient  population  can  be  stratified 
and  treated  accordingly.  The  novel  effect  of  MDF12  in  this  study  can  be  highly  translational  and  significantly  impact  the 
existing  approach  to  docetaxel-based  chemotherapy,  especially  in  patients  with  high-risk  and  localized  prostate  cancer  by 
providing  a  molecular  basis  for  predicting  docetaxel  efficacy  and  setting  the  stage  for  more  individualized  chemotherapy. 
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Patients  with  normal  or  low  level  of  cancer  MDH2  expression  can  be  identified  and  selected  for  early  chemotherapy  to 
prevent  or  significantly  delay  the  onset  of  disease  recurrence.  Patients  with  high  levels  of  MDH2  can  be  considered  for  a 
combination  treatment  between  chemotherapy  and  targeted  therapy  of  anti-MDH2. 
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Malate  Dehydrogenase  2  Confers  Docetaxel  Resistance  via 
Regulations  of  JNK  Signaling  and  Oxidative  Metabolism 
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BACKGROUND.  Resistance  to  chemotherapy  represents  a  significant  obstacle  in  prostate 
cancer  therapeutics.  Novel  mechanistic  understandings  in  cancer  cell  chemotherapeutic  sen¬ 
sitivity  and  resistance  can  optimize  treatment  and  improve  patient  outcome.  Molecular  alter¬ 
ations  in  the  metabolic  pathways  are  associated  with  cancer  development;  however,  the  role 
of  these  alterations  in  chemotherapy  efficacy  is  largely  unknown. 

METHODS.  In  a  bed-side  to  bench-side  reverse  translational  approach,  we  used  cDNA 
microarray  and  qRT-PCR  to  identify  genes  that  are  associated  with  biochemical  relapse  after 
chemotherapy.  Further,  we  tested  the  function  of  these  genes  in  cell  proliferation,  metabo¬ 
lism,  and  chemosensitivity  in  prostate  cancer  cell  lines. 

RESULTS.  We  report  that  the  gene  encoding  mitochondrial  malate  dehydrogenase  2 
(MDH2)  is  overexpressed  in  clinical  prostate  cancer  specimens.  Patients  with  MDH2  over¬ 
expression  had  a  significantly  shorter  period  of  relapse-free  survival  (RFS)  after  undergoing 
neoadjuvant  chemotherapy.  To  understand  the  molecular  mechanism  underlying  this  clinical 
observation,  we  observed  that  MDH2  expression  was  elevated  in  prostate  cancer  cell  lines 
compared  to  benign  prostate  epithelial  cells.  Stable  knockdown  of  MDH2  via  shRNA  in  pros¬ 
tate  cancer  cell  lines  decreased  cell  proliferation  and  increased  docetaxel  sensitivity.  Further, 
MDH2  shRNA  enhanced  docetaxel-induced  activations  of  JNK  signaling  and  induced  meta¬ 
bolic  inefficiency. 

CONCLUSION.  Taken  together,  these  data  suggest  a  novel  function  for  MDH2  in  prostate 
cancer  development  and  chemotherapy  resistance,  in  which  MDH2  regulates  chemotherapy- 
induced  signal  transduction  and  oxidative  metabolism.  Prostate  73: 1028-1037, 2013. 
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INTRODUCTION 

Genetic  and  epigenetic  alterations  in  the  metabolic 
pathway  have  been  identified  in  prostate  cancer  [1-4]. 
Although  these  identifications  enhance  our  under¬ 
standing  in  how  the  proliferation  and  survival  of  can¬ 
cer  cells  are  interrelated  with  metabolism,  it  is  still 
unclear  whether  and  how  these  metabolic  alterations 
mediate  sensitivity  or  resistance  to  the  anticancer 
therapy.  Developing  an  understanding  of  these  mech¬ 
anisms  is  important  because  it  will  allow  us  to  (1)  de¬ 
liver  the  most  effective  therapy  to  patients  with  a 
specific  metabolic  profile  and  (2)  improve  the  therapy 
efficacy  by  targeting  a  specific  metabolic  alteration 
that  is  proven  to  confer  resisfance. 

Docetaxel  is  a  microtubule-targeting  chemothera¬ 
peutic  agent  [5,6].  Following  intracellular  uptake. 


docetaxel  causes  microtubule  (MT)  damage  by  binding 
to  tubulin  and  preventing  tubulin  de-polymerization 
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[7,8].  The  MT  damage  signals  induce  mitotic  arrest  in 
proliferating  cells  and  activate  the  intrinsic,  or  mito¬ 
chondrial,  pathway  of  apoptosis  [9].  Specifically,  the 
MT-damage  signals  activate  the  stress-sensing  kinase 
such  as  SAPK/JNK,  which  in  turn  activates  the  BH3- 
only  pro-apoptotic  proteins  such  as  Bad,  Bax,  and 
Bak,  and  inactivate  the  anti-apoptotic  protein  such  as 
BCL2,  BCL-xL,  and  MCLl  [10-12],  Consequentially, 
Bak /Bax  proteins  concentrate  on  the  outer  membrane 
of  mitochondria  and  cause  an  increase  of  mitochon¬ 
drial  outer  membrane  permeabilization  (MOMP) 
[13-15].  MOMP  allows  the  release  of  multiple  pro- 
apoptotic  factors  such  as  cytochrome  c  from  the 
mitochondria  to  cytoplasm  to  induce  the  activation  of 
apoptotic  caspases  and  cell  death  [16-18].  Mitochon¬ 
dria  perform  three  interrelated  functions:  (1)  cellular 
energy  metabolism  via  oxidative  phosphorylation,  (2) 
cellular  redox  balance,  and  (3)  intrinsic  apoptosis  reg¬ 
ulation  [17].  Currently,  it  is  not  entirely  clear  how  the 
mitochondrial  energy  and  redox  machinery  interact 
with  the  apoptotic  machinery,  which  can  be  activated 
by  the  chemotherapy. 

The  docetaxel-based  chemotherapy  is  a  standard 
treatment  for  castration  resistant  prostate  cancer. 
However,  the  treatment  efficacy  is  limited  because 
only  50%  of  the  patients  initially  respond  to  the  treat¬ 
ment  and  most  of  them  eventually  develop  resistance 
[19-22].  In  addition,  docetaxel-based  chemotherapy  is 
tested  adjuvantly  and  neoadjuvantly  in  high-risk  local 
prostate  cancer  patients  to  prevent  or  delay  the  onset 
of  metastatic  relapse  [23-25].  Although  the  short-term 
treatment  effect  is  encouraging,  the  long-term  efficacy 
is  yet  to  be  established  because  it  will  take  5-10  years 
for  the  biochemical  relapse  to  occur  and  not  all 
patients  respond  to  the  treatment  equally.  One  advan¬ 
tage  of  testing  chemotherapy  in  the  high-risk  local 
cancer  patients  is  the  availability  of  tumor  specific 
biospecimen,  which  can  be  analyzed  to  identify  the 
patient  specific  gene  and  mRNA  alteration  [26-29]. 
Subsequently,  the  molecular  alteration  can  be  corre¬ 
lated  with  the  patient's  treatment  outcome  and 
disease  status.  This  approach  provides  a  unique 
opportunity  to  develop  novel  molecular  understand¬ 
ings  in  why  and  how  cancer  cells  are  either  sensitive 
or  resistant  to  the  chemotherapy.  Ultimately,  the 
indentified  mechanism  can  improve  chemotherapy 
outcome,  provide  reliable  markers  to  predict  efficacy 
and  indentify  patients  who  will  benefit. 

MATERIALS  AND  METHODS 
Cell  Lines  and  Reagents 

Human  prostate  cancer  cell  line  LNCaP,  C42B,  and 
PC3  were  cultured  in  RPMI  media  as  described 
[30,31].  The  benign  prostate  hyperplasia  cell  line. 


BPHl  (from  Dr.  Joshi  Alumkal  at  OHSU),  was  cul¬ 
tured  in  DMEM  media.  Docetaxel  and  SP600125  were 
purchased  from  Sigma,  reconstituted,  and  stored  as 
frozen  aliquots. 

Stable  MDH2  Knock  Down  Cell  Lines 

The  pLKO.l-puro  vector-based  lentiviral  transduc¬ 
tion  particles  containing  malate  dehydrogenase  2 
(MDH2)  shRNA  or  non-target  control  shRNA  were 
purchased  from  Sigma.  The  stable  cell  lines  were 
selected  and  maintained  with  puromycin. 

Cell  Proliferation  and  Viability  Assay 

Cell  proliferation  and  viability  were  measured  as 
previously  described  [30,31].  For  the  proliferation 
experiment,  cells  were  allowed  to  grow  over  a  3-day 
period.  The  total  viable  cell  numbers  by  the  end  of 
experiments  were  adjusted  to  day-1,  and  the  final 
results  were  presented  as  fold  of  proliferation.  For  vi¬ 
ability  experiments,  equal  amount  of  cells  were 
treated  with  increasing  doses  of  docetaxel  for  48  hr. 
By  the  end  of  treatments,  the  number  of  viable  cells  in 
the  absence  of  docetaxel  (0  nM  docetaxel)  was  consid¬ 
ered  as  100%  viability,  and  cells  treated  with  doce¬ 
taxel  were  adjusted  to  the  0  nM  docetaxel. 

Western  Blotting 

Cells  were  lysed  with  M-PFR  (Thermo  Scientific) 
lysis  buffer.  Protein  concentrations  were  determined 
using  BCA  protein  assay  kit  (Thermo  Scientific).  Equal 
amounts  of  lysates  (30-40  q.g  of  protein)  were  resolved 
with  SDS-PAGE.  Antibodies  used  were:  MDH2  (Santa 
Cruz),  (3-tubulin  (Sigma);  and  phospho-SEKl /MKK4 
(Ser257),  phospho-SAPK/JNK  (Thrl83/Tyrl85),  phos- 
pho-c-Jun  (Ser63),  phospho-ATF-2  (Thr71),  Phospho- 
Bcl-2  (Thr56),  Bcl-2,  and  PARP  (Cell  Signaling). 

Caspase  3/7  Activity  Assay 

Caspase  3/7  activity  was  measured  using  Caspase 
3/7-Glo  assay  kit  (Promega)  following  the  manufac¬ 
turer's  instructions.  Briefly,  1  x  10^  cells  per  well 
were  plated  in  96-well  plates  and  cultured  for  24  hr. 
Cells  were  treated  with  docetaxel  (0-20  nM)  for  24  hr, 
and  then  100  pi  reagents  were  added  to  each  well  and 
incubated  for  30  min  at  room  temperature.  Caspase 
3/7  activity  was  measured  using  a  luminometer.  Lu¬ 
minescence  values  were  normalized  by  cell  numbers. 
The  effect  of  docetaxel  on  caspase  3/7  activation  was 
assessed  as  fold  of  DMSO-treated  control  cells. 

Metabolic  Measurement 

NAD/NADH,  ADP/ATP  contents  were  measured 
using  kits  from  Biovision  following  the  manufacturer's 
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instructions.  Cell  lysates  were  deproteinized  using 
the  perchloric  acid  kit  from  Biovision.  Mitochondria 
were  isolated  using  a  mitochondria  isolation  kit 
(Thermo  Scientific)  following  the  manufacturer's 
instructions.  Briefly,  1  x  10^  cells  were  harvesfed  and 
homogenized  by  a  dounce  homogenizer.  Nuclei 
were  removed  by  low  speed  centrifugation  and 
mifochondria  were  furfher  isolated  by  high  speed 
centrifugation. 

ROS  Production  and  Oxygen  Consumption 

Intracellular  ROS  production  was  determined  by 
measuring  O2  and  H2O2  levels  using  H2DCFDA 
(Invitrogen)  staining  followed  by  flow  cytometry 
analysis  as  described  [30].  Oxygen  consumption  was 
measured  by  a  Clark-type  electrode.  2  x  10^  cells 
were  used  and  oxygen  levels  were  monitored  for 
15  min  with  1-min  intervals.  Data  were  normalized 
by  viable  cells  numbers. 

Data  Analysis 

Results  are  expressed  as  mean  ±  SD.  The  statistical 
difference  between  multiple  treatments  and  control 
was  analyzed  using  one-way  ANOVA.  Differences 
between  two  groups  were  analyzed  by  Student's  t- 
test.  Experiments  were  performed  in  friplicafes  and 
were  performed  at  least  three  times. 

RESULTS 

High  Levelof  MDH2  Was  Associated  With  Poor 
Relapse-Free  Survival  in  Prostate  Cancer  Patients 

To  identify  mRNA  alferations  associafed  with  che¬ 
motherapy  outcomes  in  the  clinical  prostate  cancer, 
we  compared  the  gene  expression  of  patients  with 
high  risk  local  disease,  who  enrolled  in  a  neoadjuvant 
chemotherapy  clinical  trial  [32].  Procedures  of  laser 
capture  microdissection  of  patient-matched  cancer 
and  adjacent  benign  epithelium  from  both  pre-  and 
post-chemotherapy,  and  the  subsequent  cDNA  micro¬ 
array  analysis  have  been  described  by  us  previously 
[27,28].  In  the  pretreatment  samples,  we  found  that 
MDH2  gene  was  overexpressed  in  nearly  50%  of  the 
patients,  and  most  of  the  upregulations  occurred  to 
patients  with  biochemical  relapse  (Fig.  SI).  Subse¬ 
quently,  we  used  real-time  PCR  to  confirm  the  upre- 
gulation.  We  found  fhat  15/31  patients  had  more  than 
0.75-fold  MDH2  upregulation  in  cancer  epithelium 
compared  to  the  adjacent  benign  epithelium  (Fig.  lA). 
On  the  other  hand,  the  chemotherapy  treatment  did 
not  significantly  change  the  MDH2  transcript  levels 
comparing  patient-matched  post-treatment  samples 
to  pre-treatment  samples  (Fig.  S2).  When  we  correlat¬ 
ed  the  MDH2  gene  expression  data  with  the  patient 


disease  status,  we  found  that  patients  with  pre¬ 
chemotherapy  MDH2  overexpression  had  a  signifi¬ 
cantly  poorer  relapse-free  survival  (RFS)  (Fig.  IB). 
This  correlation  suggested  to  us  that  MDH2  plays  a 
role  in  regulating  prostate  cancer  cell  response  to 
docetaxel-based  chemotherapy.  In  consistence  with 
the  clinical  data,  we  also  found  fhat  MDH2  mRNA 
and  protein  levels  were  upregulated  in  prostate  can¬ 
cer  cell  lines  LNCaP,  C42B,  and  PC3  compared  to  the 
benign  prostate  cell  line  BPHl  (Fig.  1C). 

MDH 2  shRNA  Knockdown  Increased  Docetaxel 
Sensitivity  in  Prostate  Cancer  Cell  Lines 

To  test  the  role  of  MDH2  in  docetaxel  chemothera¬ 
py,  we  established  prostates  cancer  cell  lines  with 
MDH2  stable  shRNA  knockdown  (Fig.  S3).  We  found 
that  cell  proliferation  was  significantly  reduced  in  the 
MDH2  shRNA  (shMDH2)  cells  compared  to  the  non¬ 
targeting  control  shRNA  (shNT)  cells  (Fig.  2A).  Next, 
we  evaluated  the  role  of  MDH2  in  docefaxel  sensifivi- 
ty.  We  freated  fhe  shNT  and  shMDH2  prostate  cancer 
cell  lines  with  different  concentrations  of  docefaxel 
and  measured  the  cell  viability.  We  observed  that 
prostate  cancer  cells  became  more  sensitive  to  doce¬ 
taxel  with  MDH2  shRNA  as  evidenced  by  a  further 
decrease  of  cell  viability  in  shMDH2  cells  compared 
with  shNT  cells  after  docetaxel  treatment  (Fig.  2B). 
We  further  examined  whether  MDH2  shRNA  could 
increase  docetaxel  induced  apoptosis  by  measuring 
the  caspase  3/7  activity.  The  results  showed  that 
MDH2  shRNA  did  not  change  the  basal  caspase  activ¬ 
ities  without  chemotherapy;  however,  starting  at 
10  nM  of  docefaxel,  MDH2  shRNA  significantly  in¬ 
creased  the  docetaxel  induced  caspase  3/7  activities 
compared  to  shNT  cells  (Fig.  2C). 

MDH2  shRNA  Enhanced  Docetaxel  Induced  JNK 
Signaling  Pathway  Activation 

Docetaxel  treatment  can  lead  to  the  activation  of 
JNK  signaling  pafhway,  which  in  turn  mediates  the 
cytotoxic  effect  [12,33].  We  examined  whether  MDH2 
shRNA  affects  the  docetaxel-induced  JNK  signaling 
cascade  activation.  We  treated  C42B  and  PC3  cells 
with  or  without  MDH2  shRNA  with  docetaxel  for 
24  hr.  As  expected,  docetaxel  treatment  activated  the 
JNK  signaling  cascade  as  seen  in  MKK4,  JNKl/2, 
ATF2  and  c-Jun  phosphorylation  in  the  non-targeting 
(NT)  control  shRNA  cells  (Fig.  3A).  Importantly,  in 
MDH2  shRNA  knockdown  cells,  the  docetaxel-in¬ 
duced  phosphorylations  of  JNK,  ATF2  and  c-Jun 
were  further  increased  (Fig.  3A).  The  activated  JNK  is 
able  to  phosphorylate  and  inactivate  the  anti-apopto- 
tic  protein  Bcl2,  which  leads  to  the  induction  of  mito- 
chondria-based  apoptosis  [33-35].  Consistent  with  the 
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Fig.  I.  High  level  of  MDH2  is  associated  with  poor  chemotherapy  outcome.  A:  Paired  tumor  and  benign  epithelium  from  31  patients 
were  used  for  qRT-PCR  determination  of  MDH2  transcripts.  Using  a  log2  value  of  0.75  (caner/benign)  as  the  cutoff,  MDH2  mRNA  levels  in 
pretreatment  prostate  cancer  patients  can  be  divided  into  the  normal  (<0.75,  n  =  15)  and  high  (>0.75,  n  =  16)  groups.  B:  Kaplan-Meier 
analysis  of  biochemical  (PSA)  relapse  free  survival  (RFS)  stratified  by  the  MDH2  level  (time  in  month).  P  <  0.05,  Log-rank  test.  C:  MDH2 
mRNA  and  protein  levels  in  normal  prostate  cell  line  BPHI  and  prostate  cancer  cell  lines  LNCaP,  C42B  and  PC3  were  examined  by  qRT-PCR 
and  Western  blot,  respectively.  Results  of  qRT-PCR  were  expressed  as  fold  change  (Fc)  compared  to  BPHI  as  mean  and  standard  deviation  of 
three  experiments.  *P  <  0.01,  t-test.  Tubulin  was  used  as  loading  control  for  Western  blots.  Representatives  of  three  experiments  were 
shown. 


enhancement  effect  on  JNK  signaling,  we  observed 
that  MDH2  shRNA  further  increased  the  docetaxel- 
induced  phosphorylation  of  Bcl2,  and  the  activation 
of  PARP  (Fig.  3B).  These  results  suggested  that 
MDH2  shRNA  knockdown  enhanced  docetaxel  in¬ 
duced  activation  of  JNK  and  the  downstream  apopto- 
tic  pathways. 

To  further  investigate  the  enhancement  of  JNK  sig¬ 
naling  by  MDH2  shRNA,  we  first  treated  PCS  cells 
with  docetaxel  for  24  hr,  and  fhen  removed  the  drug- 
containing  medium  and  measured  the  sustainability 
of  JNK  pathway  activation  by  examining  the  phos¬ 
phorylation  of  JNK  pathway  proteins.  We  observed 
that  JNK,  c-Jun,  and  Bcl2  phosphorylations  were 
gradually  decreased  after  docetaxel  withdraw  in 
shNT  cells.  However,  in  shMDH2  cells,  we  observed 
a  more  sustained  activation  of  these  proteins  after  the 
docetaxel  removal  (Fig.  3C).  To  test  whether  the  JNK 
pathway  enhancement  plays  a  role  in  MDH2  shRNA 
enhanced  docetaxel  sensitivity,  we  treated  PCS  shNT 


and  shMDH2  cells  with  docetaxel  in  the  presence  of  a 
JNK  inhibitor  SP600125.  We  observed  that  SP600125 
rescued  docetaxel  induced  cytotoxicity  in  both  PCS 
and  C42B  cells  (Fig.  3D).  In  PCS  cell  lines,  the  JNK 
inhibitor  provided  a  greater  percentage  of  rescues  in 
MDH2  shRNA  cells  than  in  the  non-targeting  control 
shRNA  cells  (Fig.  3D  top).  In  C42B  cells,  the  JNK  in¬ 
hibitor  abolished  the  enhanced  docetaxel  sensitivity 
due  to  MDH2  knockdown  (Fig.  3D  bottom).  Taken  to¬ 
gether,  these  data  suggested  that  MDH2  negatively 
regulates  docetaxel  sensitivity.  MDH2  knockdown 
enhances  the  docetaxel-induced  JNK  pathway  activa¬ 
tion,  which  leads  to  the  increase  of  mifochondrial  ap¬ 
optosis  signaling  and  chemosensitivity. 

MDH2  shRNA  Induced  Inefficiency 
in  Oxidative  Phosphorylation 

MDH2  is  an  important  enzyme  in  the  TCA  cycle 
regulating  the  conversion  of  malafe/NAD  fo 
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Fig.  2.  The  effect  of  MDH2  shRNA  knockdown  on  prostate  cancer  cell  proliferation  and  chemosensitivity.  A;  The  proliferation  of  shNT 
and  shMDH2  cells  was  measured  over  a  3 -day  period.  The  result  was  expressed  as  fold  of  proliferation  over  day  I.  B:  shNT  and  shMDH2  cells 
were  treated  with  indicated  concentrations  of  docetaxel  (DTX).  Cell  viability  at  each  dose  was  calculated  by  using  solvent  control  (0  nM  doce- 
taxel)  as  100%  viability.  C:The  docetaxel-induced  caspases  3/7  activation  was  measured  in  C42B  shNT  and  shMDH2  cells.  All  measurements 
represent  the  mean  and  standard  deviation  of  at  least  three  measurements.  *P  <  0.01,  t-test. 


oxaloacetate/NADH  [36,37].  The  NADH  generated 
by  MDH2  becomes  the  metabolic  substrate  for  mito¬ 
chondrial  oxidative  phosphorylation  and  ATP  biosyn¬ 
thesis  in  the  mitochondrial  electron  transport  chain 
(ETC),  which  also  requires  cellular  respiration  by  con¬ 
suming  molecular  oxygen  [16,38].  Disruption  of  the 
oxidative  phosphorylation  leads  to  less  ATP  produc¬ 
tion,  with  the  consumed  oxygen  being  converted  to 
reactive  oxygen  species  (ROS)  instead  of  water  (H2O) 
[39-42].  Next,  we  measured  the  effect  of  MDH2 
shRNA  on  prostate  cancer  cell  mitochondrial  energy 
metabolism.  We  found  that  mitochondrial  NAD^  and 


NAD”^/NADH  ratio  was  significantly  increased  by 
MDH2  shRNA  in  PC3  cells  (Fig.  4A),  suggesting  that 
MDH2  knockdown  disrupts  the  final  step  of  TCA  cy¬ 
cle.  We  also  found  that  the  ATP  level  was  significant¬ 
ly  decreased  by  MDH2  shRNA,  and  the  ADP/ATP 
ratio  was  significantly  increased  in  all  the  cell  lines 
(Fig.  4B  and  Fig.  S4).  This  suggested  that  MDH2 
shRNA  reduces  the  mitochondrial  oxidative  phos¬ 
phorylation.  However,  this  reduced  ATP  production 
was  not  associated  with  the  reduced  cellular  respira¬ 
tion  because  we  found  that  the  oxygen  consumption 
was  not  affected  by  MDH2  shRNA  (Fig.  4C,  top  and 
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Fig.  3.  MDH2  shRNA  enhances  docetaxel-induced  JNK  and  apoptosis  signaling.  A,B:  shNT  and  shMDH2  cells  were  treated  with  solvent 
control  (CT)  or  10  nM  docetaxel  (DTX)  for  24  hr.  Cells  were  harvested  and  protein  levels  of  MDH2,  JNK  pathway  (A)  and  cell  death  pathway 
(B)  were  analyzed  by  Western  blots.  Protein  signals  were  quantified  by  NIH  Image)  software,  adjusted  by  tubulin,  and  normalized  to  solvent 
treated  shNT  cells.  C:  shNT  and  shMDH2  cells  were  treated  with  solvent  (CT)  or  10  nM  DTX  for  24  hr.  The  drug  containing  medium  was 
removed,  and  cells  were  cultured  in  growth  medium  for  the  indicated  hours  before  protein  harvest  and  western  analysis.  The  signals  of 
phosphorylated  proteins  were  quantified  by  NIH  Image  J  software,  adjusted  by  the  total  protein  and  normalized  to  the  CT  D:  PC3  (top)  and 
C42B  (bottom)  shNT  and  shMDH2  cells  were  treated  with  JNK  inhibitor  SP600I25  (5  p.M),  DTX  (20  nM),  or  combination  of  both  agents  for 
72  hr.The  cell  viability  was  measured.  In  PC3  (top)  the  percentage,  by  which  JNK  inhibitor  rescued  the  cells  from  DTX-induced  cytotoxicity, 
was  calculated  for  shNTand  shMDH2.  In  C42B  (bottom),  P  values  comparing  shNT versus  shMDH2  in  DTX  and  combination  treatments  were 
calculated  by  t-test.  In  A  and  B,  the  results  were  representative  of  at  least  three  Western  blots.  Results  in  D  represent  the  mean  and  standard 
deviation  of  three  experiments. 


Fig.  S5).  On  the  other  hand,  the  ROS  production  was 
significantly  increased  by  MDH2  shRNA  in  PCS 
(Fig.  4C,  bottom)  and  in  LNCaP  (Fig.  S6)  cells.  Taken 
together,  these  results  indicated  that  the  MDH2 
knockdown  caused  metabolic  inefficiency  in  oxidative 
phosphorylation  by  decreasing  ATP  production  and 
increasing  ROS  formation. 

Oxidative  phosphorylation  and  ATP  biosynthesis 
can  be  inhibited  by  the  ETC  inhibitor  oligomycin. 
Therefore,  we  tested  whether  oligomycin,  which  is 
not  a  specific  MDH2  inhibitor,  can  enhance  docetaxel 
sensitivity  in  prostate  cancer  cells  by  mimicking  the 


effect  of  MDH2  shRNA  on  mitochondria.  We  treated 
PCS  cell  line  with  increasing  concentrations  of  doce¬ 
taxel  and  oligomycin  individually  and  in  combina¬ 
tion.  However,  we  did  not  observe  any  synergistic 
effect  between  docetaxel  and  oligomycin  (Fig.  4D). 
Interestingly,  oligomycin  treatment  did  not  enhance 
docetaxel-induced  JNK  activation  either  (Fig.  4D 
insert).  This  suggests  that  merely  targeting  mitochon¬ 
drial  oxidative  phosphorylation  and  ATP  biosynthe¬ 
sis  cannot  recapitulate  the  effect  of  MDH2  shRNA  in 
enhancing  chemotherapy  sensitivity.  Therefore,  the 
enhanced  docetaxel  sensitivity  due  to  MDH2  shRNA 
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Fig.  4.  MDH2  shRNA  increased  the  inefficiency  of  oxidative  phosphorylation.  A:  Mitochondria  were  isolated  from  PC3  shNTand  shMDH2 
cells  and  used  to  measure  NAD^  and  NADH  levels.  B;  PC3  shNTand  sh MDH2  cells  were  used  for  ADP  and  ATP  measurement. C:Top:The  oxy¬ 
gen  consumption  in  PC3  shNTand  shMDH2  cells  was  measured  by  a  Clark-type  electrode.  Bottom; The  ROS  levels  in  PC3  shNTand  shMDH2 
were  measured  by  H2DCFDA  staining  and  flowcytometry.The  peak  intensity  shifting  to  the  right  suggests  an  increase  of  ROS.  A  representa¬ 
tive  histogram  from  more  than  three  experiments  was  shown.  D:  Cell  viabilities  of  PC3  cells  were  measured  after  DTXand  oligomycin  A  treat¬ 
ments.  Insert:  PC3  cells  were  treated  with  vehicle  (CT),  10  nM  DTX  (D),  5  p,M  oligomycin  A  (O),  and  combination  of  DTX  and  oligomycin 
(DO).  Phospho-JNKI/2  and  JNKI/2  levels  were  measured  by  Western  blot.  Results  shown  are  representatives  of  three  independent  experi¬ 
ments.  Results  in  all  bar  graphs  are  expressed  as  fold  change  over  shNT  cells.  Mean  and  standard  deviation  was  calculated  from  at  least  three 
experiments.*?  <  0.05, ***P  <  0.0l,t-test. 


knockdown  is  mediated  by  the  combination  of  JNK 
pathway  enhancement  and  metabolic  inefficiency. 
This  also  underscores  the  need  to  identify  more  spe¬ 
cific  MDH2  inhibitor,  which  can  induce  metabolic  in¬ 
efficiency  and  sensitizes  cells  to  JNK  activation,  to 
enhance  chemosensitivity. 

DISCUSSION 

Mitochondrion  provides  crucial  regulations  for 
both  apoptotic  and  necrotic  cell  death  [17].  Docetaxel 
causes  cell  death  by  damaging  microtubules  (MT) 
[14].  Although  the  MT-damaging  signals  solicit  cell 
death,  the  intrinsic  cellular  stress  response  machinery, 
which  can  be  significantly  enhanced  in  cancer  cells, 
counters  with  survival  signals  [43-45].  Together,  they 
form  the  MT-damage  response  system.  The  net  signal 
output  between  cell  death  and  survival  determines 


the  cell  fate.  Both  cytotoxic  and  survival  signals  inevi¬ 
tably  converge  on  mitochondria,  and  the  integration 
of  these  two  conflicting  signals  by  mitochondria  plays 
a  significant  role  in  determining  the  level  of  cell  death 
and  the  efficacy  of  docefaxel.  Currently,  how  mito¬ 
chondria  integrate  these  signals  and  how  resident  mi¬ 
tochondrial  proteins  affect  the  integration  process  are 
largely  unknown.  In  the  current  study,  we  found  that 
the  mitochondrial  MDH2  plays  a  role  of  modifying 
fhe  anti-fumor  effecf  of  fhe  MT-damaging  reagent 
docetaxel. 

MDH2  regulates  the  final  step  of  mitochondrial 
TCA  cycle,  which  directly  provides  reducing  equiva¬ 
lents  for  the  oxidative  phosphorylation,  a  process  re¬ 
sponsible  for  cellular  ATP  biosynthesis,  oxygen 
consumption,  and  ROS  generation  [36,37].  In  the  cur¬ 
rent  study,  we  found  thaf  MDH2  was  overexpressed 
in  prostate  cancer  cell  lines  and  in  patient  specimens. 


The  Prostate 


MDH2  Regulates  Chemotherapy  Response  1035 


Significantly,  patients  with  MDH2  overexpression 
had  shorter  relapse  free  survival  after  neoadjuvant 
chemotherapy.  This  observation  provided  us  an 
interesting  hypothesis  that  cancer  cells  with  MDH2 
overexpression  are  more  capable  of  surviving  the 
chemotherapy-induced  stress,  and  are  less  sensitive 
or  more  resistant  to  chemotherapy.  Further,  it  also 
suggests  that  inhibiting  MDH2  can  increase  the  che¬ 
motherapy  efficacy.  Indeed,  our  bench-based  in  vitro 
mechanistic  investigation  supports  the  in  vivo  in  pa¬ 
tient  results.  The  reduction  of  MDH2  in  multiple  pros¬ 
tate  cancer  cell  lines  reduced  cellular  proliferation, 
and  increased  the  sensitivity  toward  docetaxel.  On 
the  molecular  level,  MDH2  knockdown  significantly 
changed  the  metabolic  phenotype  of  the  prostate  can¬ 
cer  cells  with  a  decrease  of  ATP  but  increases  of 
NAD^  and  ROS.  The  oxygen  consumption,  ATP  pro¬ 
duction  and  ROS  generation  are  proportionally  regu¬ 
lated  during  the  oxidative  phosphorylation.  The 
change  due  to  MDH2  knockdown  versus  control  sug¬ 
gested  to  us  that  cancer  cells  consumed  the  same 
amount  of  oxygen  but  produced  less  ATP  and  more 
ROS  as  a  byproduct,  all  of  which  are  indications  of 
metabolic  inefficiency.  Further,  both  NAD^  and  ROS 
are  sources  of  oxidant  stress,  which  can  augment  the 
cytotoxic  effect  of  chemotherapy.  Because  both  NAD^ 
and  ROS  were  increased  by  MDH2  shRNA,  this  can 
be  a  factor  in  mediating  the  enhanced  docetaxel 
sensitivity. 

The  JNK  signaling  pathway  is  implicated  in  pros¬ 
tate  cancer  development  [46].  The  biological  effect  of 
this  pathway  is  dependent  on  the  cellular  context. 
The  activation  of  JNK  by  oncogenic  stress  in  normal 
cells  can  promote  p53  mediated  DNA  damage  re¬ 
sponse  pathways  [47].  Constitutive  activities  of  JNK 
in  cancer  cells  can  activate  oncogenic  AP-1  activity 
[48].  The  activation  of  JNK  by  MT-damaging  chemo¬ 
therapy  is  thought  to  mediate  the  cytotoxic  response 
by  activating  pro-apoptotic  proteins  and  inactivating 
anti-apoptotic  proteins.  There  is  no  direct  relationship 
between  MDH2  and  JNK.  We  unexpectedly  observed 
that  MDH2  shRNA  knockdown  led  to  a  more  sus¬ 
tained  activation  of  JNK  signaling  pathway  in  the 
context  of  docetaxel  treatment.  Mechanistically,  this 
can  be  another  factor  responsible  for  the  increased 
docetaxel  sensitivity  by  MDH2  shRNA  inhibition.  We 
further  speculate  that  MDH2  can  be  connected  to  JNK 
signaling  via  metabolism.  For  example,  the  decrease 
of  ATP  due  to  MDH2  shRNA  can  activate  the  AMP- 
activated  kinase  (AMPK)  pathway,  which  has  been 
shown  to  cross-talk  with  the  JNK  pathway  [49]. 

This  study  will  have  direct  impact  on  the  clinical 
treatment  of  prostate  cancer.  At  the  time  of  prostatec¬ 
tomy  surgery,  patients  with  high-risk  and  local 
prostate  cancer  may  have  already  developed 


micrometastases  outside  the  prostate  [50-52].  There¬ 
fore,  surgery  and  local  radiation  represent  undertreat¬ 
ment,  and  patients  have  a  significantly  higher  risk  of 
developing  metastatic  disease  and  dying  of  castration 
resistant  prostate  cancer  [50].  For  these  patients,  early 
systemic  chemotherapy  can  in  principal  kill  the 
micrometastases  and  significantly  inhibit  and  delay 
the  onset  of  the  metastatic  disease  [23-25].  However, 
the  patient  response  from  neoadjuvant  and  adjuvant 
clinical  trials  is  not  unanimous,  suggesting  the  exis¬ 
tence  of  sensitivity  and  resistance  mechanism.  The 
clinical  trial  associated  with  the  current  study  sug¬ 
gests  that  the  neoadjuvant  chemotherapy  can  be  effec¬ 
tive  in  a  subset  of  these  patients  whose  cancer  MDH2 
levels  are  not  elevated  at  the  time  of  chemotherapy. 
Personalized  cancer  therapy  aims  to  deliver  an  appro¬ 
priate  therapy  to  the  appropriate  patient  for  more  ef¬ 
fective  treatment  and  better  outcome.  The  key  is  that 
we  need  to  understand  mechanisms  of  therapy  sensi¬ 
tivity  and  resistance,  and  be  able  to  measure  these 
mechanisms  in  individual  patients  so  that  the  patient 
population  can  be  stratified  and  treated  accordingly. 
The  novel  effect  of  MDH2  in  this  study  can  be  highly 
translational  and  significantly  impact  the  existing  ap¬ 
proach  to  docetaxel-based  chemotherapy,  especially 
in  patients  with  high-risk  and  localized  prostate  can¬ 
cer  by  providing  a  molecular  basis  for  predicting 
docetaxel  efficacy  and  setting  the  stage  for  more  indi¬ 
vidualized  chemotherapy.  Patients  with  normal  or 
low  level  of  cancer  MDH2  expression  can  be  identi¬ 
fied  and  selected  for  early  chemotherapy  to  prevent 
or  significantly  delay  the  onset  of  disease  recurrence. 
Patients  with  high  levels  of  MDH2  can  be  considered 
for  a  combination  treatment  between  chemotherapy 
and  targeted  therapy  of  anti-MDH2. 
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